The lateral habenula (LHb) plays a role in prediction of negative reinforcement, punishment and aversive responses. In the current study, we examined the role that the LHb plays in regulation of negative reward responses and aversion. First, we tested the effect of intervention in LHb activity on sucrose reinforcing behavior. An electrode was implanted into the LHb and rats were trained to self-administer sucrose (20%; 16 days) until at least three days of stable performance were achieved (as represented by the number of active lever presses in self-administration cages). Rats subsequently received deep brain stimulation (DBS) of the LHb, which significantly reduced sucrose self-administration levels. In contrast, lesion of the LHb increased sucrose-seeking behavior, as demonstrated by a delayed extinction response to substitution of sucrose with water. Furthermore, in a modified non-rewarding conditioned-place-preference paradigm, DBS of the LHb led to aversion to the context associated with stimulation of this brain region.
Introduction
The lateral habenula (LHb) innervates multiple brain regions, including sites that contain high concentrations of dopaminergic neurons such as the ventral tegmental area (VTA) (Herkenham and Nauta, 1979; Ji and Shepard, 2007) . A previous study (Lisoprawski et al., 1980) showed that lesions of the LHb led to increases in dopamine utilization in the prefrontal cortex. In the same direction, further studies revealed that electrical stimulation of the LHb inhibits firing of up to 97% of the dopaminergic neurons in the substantia nigra compacta and VTA (Christoph et al., 1986; Ji and Shepard, 2007) . These findings led Hikosaka et al. (2008) to suggest the potential ability of the LHb to influence dopaminergic functions such as incentive motivation.
In a recent study carried out by Matsumoto and Hikosaka (2007) , recordings of LHb and dopaminergic neurons were taken in the brain of a rhesus monkey during performance of a visual task with positionally biased reward outcomes. While LHb neurons were excited in response to no-reward-predicting stimuli, they were inhibited by reward-predicting stimuli. In contrast, mesolimbic dopamine neurons exhibited a reverse response. This, taken together with the finding that stimulation of the LHb results in inhibition of dopamine neurons, led the researchers to propose that the LHb is involved in negative reward processes, i.e., processes which encode situations where no reward is available, as opposed to dopaminergic neurons that engage in positive reward processes (Hikosaka, 2010) .
These findings imply the LHb as a potential location for intervention in reward processes. We recently showed that electrical stimulation of the LHb attenuates cocaine seeking behavior during both self-administration and extinction training of rats. In contrast, lesion of the LHb increases cocaine-seeking behavior in rats, as demonstrated by a delayed extinction response (Friedman et al., 2010) . Drug-seeking behavior involves processes of reward, as well as other processes such as compulsive behavior and memory (Everitt et al., 2001; Kauer and Malenka, 2007) . In order to shed light on the effect of DBS on reward in general, the current study aimed to test how alterations in the normal functioning of the LHb affect natural reward processes. We hypothesized that stimulation of the LHb would attenuate sucrose intake in the sucrose self-administration paradigm, whereas lesions of the LHb would result in delayed extinction of sucrose-seeking behavior after substitution of sucrose with water. Furthermore, we evaluated the effect of LHb stimulation on the naïve brain via measurement of the effect of LHb stimulation in a non-rewarding environment, using a modified conditioned place preference paradigm. Taken together, our findings indicate that LHb DBS induces reward devaluation.
Materials and methods

Animals
Male (250e300 g) Sprague Dawley rats were maintained under conditions of unvarying temperature (23 C) and humidity (50%), in a 12:12 h light/dark cycle, with free access to food and water. All animal procedures were approved by the BarIlan University Animal Care Committee and were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Sucrose self-administration
Rats were transferred into operant conditioning chambers (Med-Associates, Inc.; St Albans Vermont) for daily 30 min sessions, during their dark cycle. Each selfadministration chamber (30 Â 25 Â 22 cm) had two levers, active and inactive, located 5 cm above the floor of the chamber. An active lever press delivered sucrose (20% sucrose solution; 0.13 ml/infusion; duration of 5 s) through an infusion pump and into a liquid drop receptacle for oral consumption. A light located above the active lever was lit during the 5 s-long sucrose infusion periods, and remained lit for another 15 s. Throughout these 15-s intervals, active lever presses were recorded, but no additional sucrose reinforcement was provided. Stable maintenance levels were defined as at least 3 days of 35e42 active lever presses. Presses on the inactive lever were recorded, but they did not activate the infusion pump and light. Rats were returned to their home cages at the end of the daily session.
Guide-cannula implantation for LHb lesion
Prior to stereotaxic surgery, rats were anesthetized with ketamine hydrochloride (100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.). A guide-cannula (Plastic One, 30 gauge) was implanted into the LHb (anterior À3.8, lateral À0.9, ventral À3.8 mm from Bregma) (Paxinos and Watson, 1998) and sealed by a cannula-dummy (Plastic one). The implantation was secured to the skull with screws and dental acrylic cement. Rimadyl (Carprofen) (2 mg/kg, s.c.) was injected post-surgery to relieve pain. All lesions were performed unilaterally, in the right hemisphere.
Lesion procedure
After reaching post-operational maintenance of sucrose, a cannula (Plastic One) with a 1 mm projection was inserted into the guide-cannula. Quinolinic acid (Sigma Chemicals) was dissolved in 1 N NaOH and diluted with phosphate-buffered saline (PBS) to a final pH of 7.4 and a concentration of 120 nmol/ml. This solution was infused through the cannula using an electronic-driven pump (CMA 400, CMA/ Microdialysis) for 6 min, to a total amount of 1.2 ml. Following infusion of quinolinic acid or vehicle, the guide-cannula was sealed by a cannula-dummy (Plastic One) in order to reduce upward diffusion of the solution.
DBS electrode construction and implantation
Animals were anesthetized with ketamine hydrochloride (100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.) prior to stereotaxic surgery, A bipolar self-designed stimulating electrode (2 stainless steel electrodes, 0.01 mm diameter, 1 mm between cathode and anode, non-isolated electrode tip 1 mm) was inserted into the brain in such a way that the LHb was situated between the cathode and anode electrodes (cathode/anode anterior À3.8/À3.8, lateral À1.4/À2.4, ventral 4.74/4.74 mm from Bregma, with 14 angle). We tested site-specificity by stimulation of the medial rostral part of the lateral posterior thalamic nucleus (LPMR), which is within close proximity to the LHb (cathode/anode anterior À3.8/À3.8, lateral À2.4/À3.4, ventral 4.74/4.74 mm from Bregma, with a 14 angle). The electrode was secured to the skull with screws and dental acrylic cement. Rimadyl (2 mg/kg, i.p.) was injected postsurgery. All stimulations were performed unilaterally, in the right hemisphere.
Electrical deep brain stimulation procedure
Animals received DBS for 15 min, after being transferred to the self-administration chambers. The parameters for the DBS were 200 m-A, with a spike-duration of 0.5 ms. In a preliminary study we continually adjusted the stimulation pattern, in order to achieve a reduction in the number of active lever presses within the sucrose self-administration task. We found that low frequency stimulation (10 Hz) for 15 min elevated the number of presses (120% over baseline), while high frequency stimulation (100 Hz) for 15 min had no effect at all. We then found that a specific combination of alternating low (10 Hz) and high (100 Hz) frequency stimulations achieved an optimal reductive effect on lever presses. Therefore we decided to employ a combined stimulation pattern which consisted of four different sets of patterns: 1) low frequency stimulation of 10 Hz, 2) high frequency stimulation of 100 Hz, 3) low-frequency-burst stimulation (180 ms intervals between bursts; within each burst there were 5 spikes with 80 ms intervals between spikes. Total stimulation was 10 Hz), and 4) high-frequency-burst stimulation (300 ms intervals between bursts; within each burst there were 30 spikes with 3 ms intervals between spikes. Total stimulation was 60 Hz). Spike duration was 1 ms. Alternations between high and low frequency patterns were performed constantly. The duration of high frequency stimulation (pattern 2 and 4) was 4 s per stimulation, with 20 s-long pauses between stimulations (in order to avoid tissue damage). The duration of low frequency stimulation (patterns 1 and 3) was 60 s (Fig. 1CeE) .
Conditioned place preference (CPP)
The CPP apparatus consisted of a white plastic box (22 cm w Â 90 cm l Â 30 cm h), which was divided into two compartments (22 cm w Â 40 cm l Â 30 cm h) with a separation section between them (22 cm w Â 10 cm l Â 30 cm h). The two compartments were different from each other both visually and in their texture. One featured walls with black and white vertical stripes, and the other featured gray walls of an intermediate hue and equally spaced perforations on its floor. The separation section was neutral in color, with white walls. On training days, the dividers between the compartments were closed (Buccafusco, 2009 ). On test days (measurement of baseline and response to DBS), each rat was placed in the separation section in the center of the apparatus. A 10-cm gate was opened between each compartment and the rat was allowed free access to all compartments. The amount of time spent in each of the zones (the 2 compartments and separation section) was recorded. Training and testing session durations were 30 min. Between each recording (in both training and testing sessions) the apparatus was turned around in order to control for any possible confounding effects. Time spent in each zone was detected using EthoVision 3.1 (Noldus, Holland), an automated video tracking, motion analysis and behavior recognition system, designed to sample and process moving video images.
Histology
At the conclusion of the experiments, animals were anesthetized and transcardially perfused with PBS Â1 followed by 4% paraformaldehyde. The brains were removed and immersed in 4% paraformaldehyde for 24 h, and then in a phosphate buffer with 30% sucrose for 48 h. The brains were then frozen on dry ice and sliced (40 mm sections) using a cryostat microtome. Sections were mounted on glass slides (coated with 2% gelatin), stained with Cresyl violet and subsequently examined under a microscope to verify the placement of the electrode or cannula ( Fig. 1A and B).
Statistics
All data are expressed as mean AE standard error of the mean (SEM). Significance was determined by analyses of variance (ANOVA) with repeated measures (days) to examine the effect of the experimental procedures on active lever presses in the sucrose self-administration task. ANOVAs were followed by StudenteNewmaneKeuls post-hoc tests to determine which treatment groups were altered, and p < 0.05 was considered significant. Significance between the low and high DBS groups and their controls was determined by Student's t-tests. Significance of CPP test was determined by one way ANOVA for time spent in the DBS compartment.
3. Experimental design (Fig. 2) 3.1. Experiment 1: effect of LHb lesioning on extinction of sucrose seeking behavior
Rats were trained to self-administer sucrose, and when stable maintenance levels were reached, a guide cannula was implanted into the LHb. Rats were then monitored for two weeks until it was established that post-operational performance during self-administration sessions reached that of the pre-operational naive state. On day 3 of recurred stable maintenance levels, one group of rats underwent chemical lesioning of the LHb. A parallel control group of rats was sham-operated. The next day, 10 rats from each group were transferred to the self-administration cages and sucrose selfadministration was measured daily for 3 consecutive days. Concurrently, 10 rats from each group (lesioned and sham-operated) were denied sucrose by substitution with water, and the level of extinction response was measured daily, for 6 consecutive days after the lesion. An additional group of 10 sham-operated rats continued to receive sucrose throughout the extinction testing, to control for a possible effect of the operational procedure on general consumption behavior.
Experiment 2: effect of DBS of the LHb on sucrose-seeking behavior
Rats were trained to self-administer sucrose, and when stable maintenance levels were reached, an electrode was implanted into the LHb. Rats were then monitored for two weeks until it was established that post-operational performance in self-administration sessions reached that of the pre-operational naive state. On day 3 of recurred stable maintenance levels, rats received DBS (15 min) in the self-administration chambers. One group of rats (n ¼ 10) received low frequency DBS (10 Hz), a second group (n ¼ 10) received high frequency DBS (100 Hz), and the third group (n ¼ 16) received the combined DBS set. The level of sucrose self-administration in rats receiving low and high DBS was measured for 30 min (Fig. 3B) , and compared to the rats' own previous sham-operated state. The level of sucrose self-administration in rats which received combined pattern DBS was measured daily, for 5 days. On day 6 the rats received a second combined pattern DBS session and the level of sucrose self-administration was measured daily for an additional 7 days (a total of 12 days in whole; see Fig. 3C ). Results were compared to two control groups: sham-operated rats (n ¼ 10) which received sucrose throughout the experiment, and shamoperated rats (n ¼ 10) that during maintenance received sucrose, which was then substituted for water (i.e., an extinction paradigm) during the testing period (on the same day that treatment rats received their first DBS session).
Experiment 3: effects of combined pattern DBS of the LHb on conditioned place preference (CPP)
A separate group of rats (n ¼ 10) were placed in a CPP apparatus and baseline place preference was measured. On the next day, DBS electrodes were implanted into the LHb of the rats. The rats were allowed 4 days of rehabilitation following surgery and on day 7 their place preference was once again recorded. Throughout the next four days (days 8e11) the rats underwent one daily combined pattern DBS training session and one sham training session, 30 min each, separated by a 4-h interval. During the DBS training session rats were placed in their preferred compartment (based on the results of the baseline tests). In the sham training session, rats were placed in their non-preferred compartments and connected to the stimulating device, but no stimulation was administered. On day 12 of the experiment, rats from each group were placed in the central separation section and time spent in each zone was then recorded (Fig. 4A) . DBS session results were compared to those of shamoperated rats (n ¼ 10) and to results of control (naive) rats that underwent two daily sham sessions (n ¼ 10). On day 13 the rats once again underwent a short combined pattern DBS and sham training session (3 min each) in the CPP apparatus, with a 1-h interval between sessions. They were then placed again in the compartment in which they had earlier received DBS. The latency of the first exit from the DBS zone (i.e., the amount of time spent in the DBS compartment prior to escape) and the time spent in each zone were recorded (Fig. 4B) . The DBS session result of each rat was compared to sham-operated group.
Results
Experiment 1: effect of lesioning of the LHb on extinction of sucrose self-administration
Lesion of the LHb (for histology see Fig. 1A ) did not affect maintenance levels of sucrose self-administration as measured by the number of active lever presses (sham-operated: 39 AE 4.0 active lever presses vs. lesioning of the LHb: 40 AE 3.7 active lever presses; mean of 3 days). These findings indicate that implantation and lesion procedures did not affect general consumption behavior.
The second group of rats that underwent lesioning of the LHb after reaching maintenance levels was placed in the self-administration cages, in which sucrose was substituted with water. The extinction response was measured daily for 6 days, by recording the number of active lever presses. The lesioned group, in contrast to sham-operated rats which also underwent sucrose extinction, exhibited a delayed and attenuated extinction response. The amount of lever pressing of lesioned rats was similar to that of sham-operated rats which continued to self-administer sucrose. A repeated measures ANOVA for the number of active lever presses revealed a main effect of group [F(2,27) ¼ 56.31; p < 0.0001], of days [F(5,135) ¼ 23; p < 0.0001], and an interaction between group and days [F(10, 135) ¼ 19.3; p < 0.03]. The StudenteNewmaneKeuls post-hoc test showed significant differences between the three groups: sham-operated sucrose extinction rats vs. LHb lesioned rats (p ¼ 0.01, for days 1e4), sham-operated rats which self-administered sucrose vs. sham-operated sucrose extinction rats (p < 0.01, for days 1e5), and sham-operated rats which self-administered sucrose vs. LHb lesioned rats (p < 0.01, for days 3e5) (Fig. 3A) . No significant differences in inactive lever presses were noted between experimental groups (sham-operated sucrose extinction rats: 4.0 AE 2.0 inactive lever presses, shamoperated rats which self-administered sucrose: 3.8 AE 2.1 inactive lever presses, and LHb lesioned rats: 4.1 AE 1.9 inactive lever presses; mean of 5 days of experiment).
Experiment 2: effect of DBS of the LHb on sucrose-seeking behavior
Rats implanted with an electrode were allowed to self-administer sucrose until they reached maintenance levels. The first group then received low frequency DBS treatment (for detailed histology see Fig. 1B ) and exhibited a significant increase in the number of active lever presses compared to their previous sham-operated, maintenance state (Fig. 3B, F(1,18) ; p < 0.05, Student's t-test). This indicates that low frequency stimulation of the LHb increases the rewarding effects of sucrose. However, the group that received high frequency DBS treatment showed a similar amount of active lever presses compared to their previous sham-operated, maintenance state (Fig. 3B) .
In contrast, the group that received combined pattern DBS treatment showed a significantly lower number of lever presses compared to those of the sham-operated, sucrose self-administering rats (Fig. 3C) . This indicates the ability of LHb DBS to devalue the rewarding effects of sucrose. A repeated measures ANOVA for the number of active lever presses revealed a main effect of group [F(2, 27) ¼ 71.41; p < 0.0001], a main effect of days [F(12, 324 ) ¼ 39.51; p < 0.001], and an interaction between group and days [F(24, 324) ¼ 18.47; p < 0.02]. The StudenteNewmaneKeuls post-hoc test showed significant differences between groups: sham-operated, sucrose self-administering rats vs. DBS-treated rats (p < 0.01 for day 1 of the first DBS session to day 3, and p < 0.01 for day 1 of the second DBS session until day 7), and sham-operated, sucrose self-administering rats vs. sham-operated sucrose extinction group (p < 0.01, for the complete testing period (days 2e12)). No significant differences were found between active lever presses Fig. 4 . Effects of combined pattern DBS of the LHb on conditioned place preference. Panel A: After 4 days of daily DBS and sham sessions, rats were again placed in the separation section of the CPP apparatus. Time spent in each of the three zones was recorded. DBS-treated rats showed a significant preference for the non-DBS zone, as compared to sham-operated rats and to results of control (naive) rats that underwent two daily sham sessions (*p < 0.01, one-way ANOVA for time spent in the DBS zone). Panel B: Rats underwent short DBS and sham sessions. They were then placed again in the compartment in which they had received DBS, and showed significantly reduced latency (time spent in the DBS compartment prior to first exit) as compared to shamoperated group (F(1, 9) ¼ 2.3, *p < 0.01, Student's t-test). Rats were trained to self-administer sucrose until they reached stable maintenance levels. The LHb was then lesioned and the mean number of active lever presses was recorded in daily 30 min sessions. The lesioned group, in contrast to sham-operated control rats, responded in a delayed extinction response (*p < 0.01, ANOVA repeated measures). Active lever presses of the sham-operated control group which continued to receive sucrose were not altered. M represents mean of last 3 days of maintenance. Panel B: Effect of low frequency DBS of the LHb on sucrose-seeking behavior. Rats were trained to self-administer sucrose until they reached stable maintenance levels. The LHb was then stimulated and the mean number of active lever presses was recorded in daily 30 min sessions. The stimulated group showed a significantly higher mean number of active lever presses in comparison to their previous sham-operated state (i.e., mean of last 3 days of maintenance prior to stimulation). *p < 0.01, Student's t-test. Panel C: Effect of combined pattern DBS of the LHb on sucrose-seeking behavior. Rats were trained to self-administer sucrose until reaching stable maintenance levels. They were then submitted to two sessions of combined pattern DBS treatment (15 min) during a period of 12 days (once on the first day and again on the sixth). The stimulated group demonstrated a decreased degree of sucrose consumption compared to controls (*p < 0.001; ANOVA repeated measures), reaching levels similar to those of sham-operated rats receiving water in the extinction paradigm. Sucrose consumption of sham-operated control rats remained at normal levels, thus negating possible confounding effects of the implantation procedure on consumption behavior. Mean number of active lever presses is shown for 30 min sessions. M represents the mean of the last 3 days of maintenance.
of the DBS-treated group and sham-operated sucrose extinction group (positive control), except for days 4e5 following the first DBS treatment (p < 0.01). At this point, the effect of DBS treatment began to wear off, and therefore DBS was again applied. This second session prolonged the attenuation effect, and rats again demonstrated a mean amount of active lever presses similar to the shamoperated sucrose extinction group, up to the end of experiment 2 (C).
No significant differences in inactive lever presses were noted between experimental groups (sham-operated, sucrose selfadministrating rats: 3.9 AE 2.4 inactive lever presses; sham-operated sucrose extinction group: 4.1 AE 3.1 inactive lever presses; and DBS-treated rats: 4 AE 3 inactive lever presses; mean of 12 days). During the 15 min of stimulation, the mean number of active lever presses was approximately 4 AE 1 presses.
Stimulation of rat brain in an adjacent region, the medial rostral part of the lateral posterior thalamic nucleus (LPMR), resulted in no effect on sucrose seeking behavior, measured by a sucrose selfadministration test conducted immediately after the stimulation session (sham-operated rats: 38.1 AE 4.8 active lever presses, vs. rats stimulated in LPMR: 39.2 AE 6.2 active lever presses).
Experiment 3: effects of combined pattern DBS of the LHb on conditioned place preference
Following baseline measurements, rats received one daily combined pattern DBS session (in their preferred compartment) and one daily sham session (in their non-preferred compartment), with a 4-h interval between sessions, for 4 days. On the next day, DBS-treated rats demonstrated a significant decrease in the amount of time spent in the initially preferred compartment. These results were in contrast to sham-operated rats' results and to the results of control (naïve) rats that underwent two daily sham sessions; these groups showed no distinctive preference for any of the three zones (see Fig. 4A ; one way ANOVA for time spent in the DBS zone: F (2, 27) ¼ 19.31, p < 0.001).
Next, rats received another short DBS-and sham-training session (3 min each, with a 1-h interval between sessions). They were then placed again in the compartment in which they had received DBS. The rats showed significantly reduced latency (time spent in the DBS compartment prior to first exit) as compared to sham-operated rats (see Fig. 4B ; F(1, 18) ¼ 10.3, p < 0.001, Student's t-test).
Discussion
The findings presented in this study demonstrate that alterations in the normal functioning of the LHb, induced through lesioning and electrical stimulation, affect natural reward processes.
The LHb is composed of an intricate circuitry of neuronal extensions that convey its influence to diverse regions of the brain (Morissette and Boye, 2008) , including dopaminergic areas such as the VTA. A possible explanation for the delayed extinction response following LHb lesions when sucrose was substituted with water, could be that the lesions eliminated the LHb inhibitory effect on response of dopaminergic cells to no-reward stimuli (Christoph et al., 1986) . This, in turn, prevented the rats from distinguishing between reward stimuli (i.e., sucrose) and no-reward stimuli (i.e., substitution of sucrose with water). These results further support earlier findings that indicate a role for the LHb in negative reward processing (Matsumoto and Hikosaka, 2007) , probably via a strong inhibiting effect of the LHb on mesolimbic dopaminergic cells (Christoph et al., 1986; Ji and Shepard, 2007) .
The LHb receives inputs mainly from the basal ganglia and limbic regions, including the VTA and median and dorsal raphe (Gruber et al., 2007; Lecourtier and Kelly, 2007) . Neurons from the globus pallidus internus (Gpi) that project to the LHb respond to a noreward prediction cue by firing at a frequency of approximately 110e150 Hz (Hong and Hikosaka, 2008) , which strongly activates the LHb. Intense LHb activation occurs especially when reward is expected and not received, which eventually leads to reward devaluation. Dopaminergic and serotonergic neurons that project to the LHb respond to reward-predicting cues by firing at a frequency of approximately 8e12 Hz (Fiorillo et al., 2003; Nakamura et al., 2008) , which inhibits LHb activity. Therefore, it is possible that by use of low frequency stimulation (10 Hz), we were able to mimic dopaminergic signaling of reward expectation, which inhibited the LHb and consequently increased sucrose craving. On the other hand, high frequency stimulation (100 Hz) which resembles GPi firing was expected to signal no-reward and thus lower sucrose craving, yet it had no effect on rats' response. We suggest that in order to significantly decrease craving, negative signaling must be immediately available on every occurrence of positive, reward-predictive signaling. This requires a timed stimulation schedule for each expected reward-related neuronal response. Therefore, we used an exogenous combined stimulation pattern to time the negative prediction trigger immediately after the positive predictor was provided. We presented the brain with low stimulation of 10 Hz for 60 s, which resembles an elongated reward-prediction time. This caused the brain to wait for a positive event to occur, but then receive negative stimuli e by switching to a quick, 4-s stimulation of 80/100 Hz (burst/non-burst). It is possible that by using this combined pattern of stimulation, we were able to mimic the electrical inputs received by the LHb from both the GPi and dopaminergic areas. We suggest that this treatment led to reward devaluation, which effectively attenuated reward seeking behavior.
A recent paper pointed to the connectivity that exists between the habenulae i.e., left and right hemispheres by the habenular commissure (Kim, 2009) . Indeed, in our study, unilateral stimulation proved to be sufficient in order to attain the desired effect and therefore bilateral stimulation was unnecessary. Similar findings have been reported in treatment of Parkinson's disease, chronic depression and cocaine self-administration, where unilateral stimulation is successful in producing the desired effects (Friedman et al., 2009 (Friedman et al., , 2010 Germano et al., 2004) .
It is possible that the decrease in sucrose self-administration demonstrated herein stems from the strengthening of LHb functioning as a result of DBS treatment. This strengthening could lead to reward devaluation, but could also result in a general depressivelike state, since anhedonia is one of the two main core symptoms of depression (Friedman et al., 2009; Yadid and Friedman, 2008) . Animal models of depression demonstrate hyperactivity of the LHb as a common denominator (Shumake and Gonzalez-Lima, 2003) . In addition, habenular lesions alleviate depressive behavior in several models of depression, including learned helplessness (Amat et al., 2001 ) and forced-swim immobility (Yang et al., 2008) . Moreover, electrical stimulation of the LHb induces avoidance deficits resembling learned helplessness (Shumake et al, 2010) in gerbils. Following LHb electrical stimulation, these rats also demonstrate reduced sucrose consumption (Enkel et al, 2010; Shumake et al., 2004 ) and accelerated extinction of sucrose self-administration (Vollmayr et al., 2004) . In addition, similar to the data demonstrated in the current study, Shumake et al. (2010) also found prolonged suppression of operant responding up to 5 sessions after LHb stimulation was discontinued. The relevance of the LHb to depressive states is further strengthened by a recent study in a patient suffering from therapy-resistant, severe major depressive disorder.
By continual bilateral stimulation of the LHb, the patient achieved sustained full remission of depressive symptoms (Sartorius et al., 2010) .
The findings of this study, combined with those of previous studies (Amat et al., 2001; Pobbe and Zangrossi, 2008; Shumake and Gonzalez-Lima, 2003; Yang et al., 2008) , point to the central role that the LHb plays in the regulation of negative reward responses. It is noteworthy that only one or two sessions of LHb stimulation were required to induce prolonged effects on rewardseeking behavior. This finding in particular implicates the function of the LHb not merely as a constant regulator of dopaminergic firing, but also as a "negative reward tutor". We use this term to refer to the ability of single external stimulation occurrences to generate enduring inhibitive effects on reward-seeking behavior.
LHb neurons respond similarly to conditioned stimulus that is paired with a displeasing context, whether it is the absence of reward or presence of an aversive stimulus (Matsumoto and Hikosaka, 2009) . This is in accordance with the results of our CPP test which showed that rats responded to LHb DBS by escaping and avoiding the site of stimulation, exhibiting a clear place aversion response. We therefore suggest that attenuation of lever pressing observed following LHb DBS is a consequence of reward devaluation or, possibly, signaling of an unpleasant event. The brain thus receives indication that previously gratifying circumstances are no longer rewarding or, alternatively, are competing with aversion.
In conclusion, the findings presented herein strongly support the hypothesis that electrical stimulation of the LHb attenuates processes of positive reward-associated reinforcement.
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